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Abstract

Neural degeneration is a very complicated process. In spite of all the advancements in the mo-
lecular chemistry, there are many unknown aspects of the phenomena of neurodegeneration
which need to be put together. It is a common sequela of the conditions of niacin deficiency.
Neural degeneration in Pellagra manifests as chromatolysis mainly in pyramidal followed by
other neurons and glial cells. However, there is a gross lack of understanding of biochemi-
cal mechanisms of neurodegeneration in niacin deficiency states. Because of the necessity of
niacin or its amide derivative NAD in a number of biochemical pathways, it is understandable
that several of these pathways may be involved in the common outcome of neural degener-
ation. Here, we highlight five pathways that could be involved in the neuraldegeneration for
which evidence has accumulated through several studies. These pathways are: 1) the trypto-
phan-kyneurenic acid pathway, 2) the mitochondrial ATP generation related pathways, 3) the
poly (ADP-ibose) polymerase (PARP) pathway, 4) the BDNF-TRKB Axis abnormalities, 5) the
genetic influences of niacin deficiency.
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Introduction
Niacin is chemically synonymous with nicotinic acid al-
though the term is also used for its amide derivative (nico-
tinamide). Nicotinamide is the form of the vitamin, which
does not have the pharmacological action of the acid. It is the
amide form that exists within the redox-active co-enzymes,
nicotinamide adenine dinucleotide (NAD) and its phosphate
(NADP), which function in dehydrogenase-reductase sys-
tems requiring transfer of a hydride ion (McCormick, 1996,
1997). In the chemical form of NAD, niacin is involved in a
number of biochemical processes, including energy metab-
olism (redox reactions), protein modification by mono and
poly (ADP-ribose) polymerases and synthesis of intracellular
calcium signaling molecules (McCormick, 1988). NAD is
also required for non-redox adenosine diphosphate-ribose
transfer reactions involved in DNA repair (Berger, 1985)
and calcium mobilization. It also participates in intracellular
respiration along with enzymes involved in the oxidation of
fuel substrates such as glyceraldehyde 3-phosphate, lactate,
alcohol, 3-hydroxybutyrate, and pyruvate. NADP mainly
functions in reductive biosynthesis such as fatty acid and ste-
roid synthesis and in the oxidation of glucose-6-phosphate to
ribose-5-phosphate in the pentose phosphate pathway.
Neurodegenerative pathology in niacin deficiency is well-
known. However, this degeneration has to be distinguished
from the pathological conditions occurring in primary neu-

rodegenerative disorders like Alzheimer’s and Parkinson’s
diseases. Whereas these primary neurodegenerative diseases
occur due to accumulation of intraneuronal pathogens usu-
ally due to inherent genetic problems, Niacin deficiency on
the other hand is an example of environmental factor defi-
ciency leading to neural degenerative process. However, the
specific biochemical mechanisms and pathways underlying
this neural degeneration in Niacin deficiency are not well un-
derstood. However, over past few years, some prominent bio-
chemical pathways which are disturbed in niacin deficiency
and possibly contribute to the neurodegenerative events have
been identified. However, we could not find any literature
where these pathways have been reviewed together. Purpose
of present review is to compile these pathways together so
that a more comprehensive picture could be created.

Methodology

A general search of Internet using Google and specific med-
ical indexing databases like Pubmed, Science-direct etc. were
carried out for selecting the articles relevant to present review,
specifically regarding the neural degenerative process in Pella-
gra. All the relevant articles were referred, and these included
the original as well as review articles. All the articles were re-
viewed for the descriptions of biochemical pathways involved
in the phenomenon of neural degeneration. Five biochemical
pathways most commonly implicated in these articles were
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identified, these five pathways will be the center of this review
and will be described individually in subsequent sections.

Neuropathology of pellagra

Few studies have been conducted for exploring the neuropa-
thology of Pellagra per se. In human pellagra, neuropatho-
logic abnormalities consistently observed are chromatolysis
in motor neurons, such as Betz cells in the motor cortex,
nuclei of brain stem, and anterior horn cells of the spinal
cord (Langworthy, 1931; Zimmermann et al., 1934). Neuro-
nal chromatolysis is characterized by cytological features of
cytoplasmic swelling, disappearance of Nissl granules and
displacement of flattened nucleus to the periphery of the cell
body. These changes have also been described in the anterior
horn cell and hypoglossal nuclei following axonal injury and
have been termed as axonal reactions (Torvik, 1976). Apart
from chromatolysis in the anterior horn cells, other striking
microscopic changes seen in the central nervous system (CNYS)
of the mice treated with 6-AN were swelling and vacuolation
of ependymal and glial cells (Aikawa and Suzuki, 1986).

Biochemical pathways of neural degeneration
in pellagra

Although describing the details of all the molecular mech-
anisms is out of scope of this review, we proceed to provide
an overview of the common and most studied pathways at
present. Overall, alterations in five major biochemical path-
ways have been studied so far in the context of Pellagra:

1) The tryptophan-kyneurenic acid pathway;

2) The mitochondrial ATP generation related abnormality;
3) The poly (ADP-ribose) polymerase (PARP) pathway;

4) The BDNF-TRKB Axis abnormalities;

5) The genetic consequences of niacin deficiency.

The tryptophan-kyneurenic acid pathway

The kyneurenic pathway (KP) is the principle route of
L-tryptophan (TRP) metabolism, producing several neu-
rotoxic and neuroprotective metabolic precursors before
complete oxidation to yield the essential pyridine nucleotide,
nicotinamide adenine dinucleotide (NAD") (5). It is thus the
principal route of L-tryptophan catabolism, resulting in the
production of NAD. This metabolic pathway of the amino
acid L-tryptophan is a highly regulated physiological process
leading to the generation of several neuroactive compounds
within the central nervous system. These compounds in-
clude the aminergic neurotransmitter serotonin (5-hydroxy-
tryptamine, 5-HT), products of the kyneurenine pathway of
tryptophan metabolism (including 3-hydroxykyneurenine,
3-hydroxyanthranilic acid, quinolinic acid and kyneurenic
acid), the neurohormone melatonin, several neuroactive
kyneuramine metabolites of melatonin, and the trace amine,
tryptamine. Inhibition of KP holds therapeutic potential
in modulating the inflammation of central nervous system
(CNS) by reducing the production of excitotoxins such as
quinolinic acid (QUIN) (Ruddick et al., 2006). It has been
proposed that the generation of nicotinamide, and the sub-
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sequent restoration or maintenance of NAD levels is a major
function of the kyneurenic pathway acting paradoxically as a
pathway for cellular protection.

However, in the conditions of deficiency of exogenous
nicotinamide and subsequently NAD, there is a loss of nic-
otinamide related negative feed-back of KP, resulting in
its over-activation and thus release of more of neurotoxic
intermediate metabolites. The pathway is regulated by the
immune-factor responsive enzyme indoleamine-2,3-diox-
ygenase (IDO) in most cells and by tryptophan-2,3-dioxy-
genase (TDO) in the liver which is modulated by tryptophan
and glucocorticoids. Several intermediate products of the
KP are known to be neurotoxic. Among them, the N-meth-
yl-D-aspartate (NMDA) receptor agonist and neurotoxin,
quinolinic acid (QA) is likely to be the most important in
terms of biological activity (Stone, 2001; Davies et al., 2010).
QA can cause stimulation of NMDA receptors independent
of its agonistic action by inhibiting glutamate uptake by
astrocytes, increasing synaptosomal release and reducing its
catabolism by astrocytes through inhibition of glutamine
synthase activity (Ting et al., 2009). Alternative routes caus-
ing neurotoxicity include production of reactive oxygen spe-
cies, mitochondrial dysfunction and lipid peroxidation (Vu
et al., 1997; Jacobson et al., 1999). This is supported by the
observation that free radical scavengers and antioxidants re-
duce QA-induced neurotoxicity. Anthranilic acid (AA), 3-hy-
droxyanthranilic acid (3-HAA), and 3-hydroxykyneurenine
(3-HK) have been shown to generate free radicals leading to
neuronal damage similar to QUIN (Stone, 2001; Davies et
al,, 2010).

Poly(ADP-ribose) polymerase (PARP)

pathway

More recently NAD" has been identified as a primary sub-
strate for several other important enzymes including poly
(ADP-ribose) polymerase (PARP). PARP is a nuclear en-
zyme, activated by breaks of DNA strand that are involved
in DNA repair and in maintenance of genomic integrity.
Several members of the PARP family have been identified, of
which PARP-1 is the most reported. PARP uses up NAD" to
produce ADP ribose polymers. An increase in DNA damage
(often due to oxidative stress) can rapidly deplete the cell of
NAD" resulting in reduced ATP production and cell death
(Pacher and Szabo, 2007; Braidy et al., 2008). Consistent
with this finding, cellular NAD" status has actually been
increasingly demonstrated to alter the cell susceptibility to
genotoxic damage (Jacobson et al., 1999). In fact, one of the
major causes of cell death due to genotoxic stress is hyperac-
tivation of the NAD" dependent enzyme poly(ADP-ribose)
polymerase-1 (PARP-1), which depletes nuclear and cyto-
plasmic NAD" causing the translocation of apoptosis induc-
ing factor (AIF) from the mitochondrial membrane to the
nucleus (Birkle, 2005; Cipriani et al., 2005). In the presence
of nicotinamide, an essential precursor to NAD", cellular
NAD" stores are more effectively replenished and damaged
DNA is more effectively repaired (Ayoub et al., 1999; Maiese
and Chong, 2003). Nicotinamide improves neuronal survival
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following a variety of insults, including free radical exposure
and oxidative stress (Mukherjee et al., 1997; Klaidman et
al., 2001). However, its protective function is thought to be
based on its numerous and diverse pharmacological effects,
in addition to the inhibition of PARP-1. These mechanisms
include prevention of ATP depletion (Yang et al., 2002;
Klaidman et al., 2003), lipid peroxidation, anti-inflammatory
activity, and prevention of apoptosis (Klaidman et al., 2001;
Ungerstedt et al., 2003). Recent study has reported that a
fraction of PARP-1 is also localized in mitochondria, which
leads to speculation about the potential for mitochondrial
NAD" to determine fate of the cell (Du et al., 2003). This di-
mension of PARP related cell injury will be discussed in later
section.

In addition to the genotoxic damage, PARP pathways have
also been implicated in Pellagra related symptoms. It was
thought that the clinical manifestations of pellagra arise from
the deficient NAD" and NADP" levels in maintaining energy
for cellular functions (Hendricks, 1991). However, under-
standing of these multiple symptoms has progressed with the
finding of NAD" acting as a substrate for poly(ADP-ribose)
polymerases (PARPs) (Chambon et al., 1963). PARP has
been recognized to play a multitude of roles in DNA damage
including DNA repair, maintenance of genomic stability,
transcriptional regulation, signaling pathways involving
apoptosis, and telomere functions (Oliver et al., 1999). NAD"
has been shown to be a free radical scavenger (Yamada et al.,
1982; Wilson et al., 1984; Kamat and Devasagayam, 1996;
Vincent et al., 2005; Abdallah, 2010) and is directly used for
the synthesis of cyclic ADP-ribose. It may be thus involved in
calcium signaling pathways leading to apoptosis or necrosis
(Vuetal., 1997, Vu et al., 1997).

The mitochondrial ATP pathway

Mitochondria maintain relatively high NAD" concentrations
which does not readily leak across the inner mitochondrial
membrane (Di and Ziegler, 2001). Depletion of the mito-
chondrial NAD results in impairment of respiration and
ATP synthesis resulting in energy crisis ultimately causing
cell death. A major mechanism of depletion of cellular NAD
seems to be by activation of the enzyme ADP-ribose.

DNA damage activates a nuclear enzyme poly(ADP-ri-
bose) synthetase that facilitates DNA repair and this enzyme
activity can provide an early index of DNA damage follow-
ing neurotoxic insults (Zhang et al., 1995). As mentioned be-
fore, NAD is required for the non-redox adenosine diphos-
phate-ribose transfer reaction. Excessive activation of this
enzyme can thus, deplete tissue stores of NAD, leading to cell
death with the depletion of ATP (Pieper et al., 1999). Phar-
macological experiments have found that Poly (ADP-ribose)
synthetase inhibitors and poly (ADP-ribose) synthetase gene
deletion induces dramatic neuroprotection in experimental
animals (Boulu et al., 2001). On the other hand nitric oxide
stimulates auto-ADP-ribosylation of glyceraldehyde-3-phos-
phate dehydrogenase (via hydroxyl radical) (Dimmeler and
Brune, 1992; Zhang and Snyder, 1992; Brune et al., 1994)
causing free-radical mediated cellular injury. Several re-

searchers have in fact attempted to attenuate free radical me-
diated cerebral damage by inhibition of poly(ADP-ribose)
synthetase (Lo et al., 1998; Takahashi et al., 1999) or by sup-
plementation of niacin (Hageman et al., 1998). These studies
have found that poly(ADP-ribose) synthetase activation
mediates MPTP neurotoxicity (Mandir et al., 1999), and its
inhibitors protect against MPTP-induced depletion of stria-
tal dopamine (Schapira et al., 1990) or brain NAD and ATP
(Cosi and Marien, 1998).

Poly ADP-ribosylation also results in the release from
NAD of nicotinamide, which is methylated to MNA in the
body.

Brain derived neurotrophic factor-tropomyosin
related kinase B (BDNF-TrkB) axis

In the mature nervous system, BDNF/TrkB is crucial for reg-
ulating neuronal migration, morphological and biochemical
differentiation, and controlling synaptic function as well as
synaptic plasticity, along with modulation of neuronal sur-
vival (Bibel and Barde, 2000; Huang and Reichardt, 2001).
Also, it is a well known fact that the expression of Brain
derived neurotrophic factor (BDNF) and its receptor tro-
pomyosin-related kinase B (TrkB) supports neuron survival
and axon growth after neuronal injury (Gordon, 2009; Li et
al., 2009). For example, after injury of somatosensory cor-
tex, BDNF is up-regulated in these regions (Josephson et al.,
2003; Endo et al., 2007).

Recent evidences suggest that niacin administration may
up-regulate the expression of BDNF-TrkB. In a recent study, it
has been found that niacin treatment increased synaptic plas-
ticity and axon growth in rats. They observed that the treat-
ment with niacin for stroke significantly increased BDNF/TrkB
expression both in the ischemic brain and in PCN cultures.
Although the study did not elaborate all the molecular mech-
anisms leading to this upregulation of BDNF-TrkB by Niacin,
their results indicated that it was mediated by HDL (Cui et
al., 2010). They came to this conclusion because in their re-
sults, the TrkB inhibitor (K252a, 200 nmol/L, Calbiochem,
Cat# 480354) significantly decreased the neuritic growth in
the primary cultured neurons (PCNs) group treated with
HDL and niacin together in comparison to the group with
treated niacin alone. Cui et al. (2010) concluded that this
finding was an indication that the HDL involvement was at
least partially responsible for the TrkB inhibitor mediated
inhibition of neuritic growth in such neurons. Additionally,
they also found an increased expression of mRNA of the
BDNF-TrkB factors, indicating that the net effect is mediated
by at least some genetic mechanisms. However, more well
planned and detailed studies are needed to further elaborate
these biochemical mechanisms. If closer attention is paid to
this scenario the evidences for both the facts that (a) niacin
increases HDL-C levels (Elam et al., 2000) and that (b) HDL
increases neuritic growth (Anne et al., 1996) have been well
supported by scientific results. Infact, niacin is presently the
most potent enhancer of HDL-C levels (Elam et al., 2000).
However, it is still not known whether HDL induces this
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neuronal growth by increasing TrkB levels. Therefore, this
seems to be a potent area of future researches. At present, we
can safely raise the possibility that niacin-mediated neural
growth by the BDNF-TrkB pathway could be at least partially
mediated by enhanced HDL-C levels.

Gene-level effects of niacinamide

In addition to these biochemical pathways, there are various
effects at genetic-level which are possible contributors to the
niacin or NAD-deficient neural degeneration.

Recently, Nmnat genes (Nmnatl, 2, and 3) have been
studied as potential targets based on their ability to delay
Wallerian degeneration after axonal damage (Coleman and
Freeman, 2010). All the members of Nmnat family can cat-
alyze the synthesis of NAD" both in the de novo pathway as
well as in the recycling pathway (Sorci et al., 2007). Nmnat1
is ubiquitously expressed and localized to the nucleus.
Nmnat3 shows a more restricted expression pattern and
localizes to mitochondria (Berger et al., 2005). Nmnat2 is ex-
pressed predominantly in neurons (Berger et al., 2005; Mayer
et al., 2010). Its protein product has been shown to localize
to the trans-Golgi complex (Berger et al., 2005; Mayer et al.,
2010) where it is packaged and transported down axons to
the synapse (Gilley and Coleman, 2010). In addition to the
differences in tissue expression and intracellular localization,
there is an isoform-specific domain on each of the Nmnat
genes (Braidy et al.,, 2008). In Nmnat2, this region is palmi-
toylated at two cysteine residues and when cleaved, the NAD"
synthesis activity of the enzyme increases significantly (Mayer
et al., 2010). This provides a mechanism to increase the cyto-
solic pool of NAD" quickly in response to a stimulus like cell
stress.

Nmnat2, in vitro, has been associated with axonal survival
in primary sensory and sympathetic nerve cell injury models
(Gilley and Coleman, 2010; Yan et al., 2010). Historically,
aberrant or exogenous overexpression of the Wldsprotein
(a fusion protein containing Nmnatl) or Nmnat! itself, has
been used to protect axons from Wallerian degeneration after
injury (Coleman and Freeman, 2010). But more recent stud-
ies suggest that the endogenous Nmnat isoform required for
the normal maintenance of healthy axons is actually Nmnat2
(Gilley and Coleman, 2010; Conforti et al., 2011). Significant
overexpression of this isoform can also delay Wallerian de-
generation (Feng et al., 2010; Gilley and Coleman, 2010; Yan
et al., 2010). Studies on the d-Nmnat ortholog in Drosophila
indicate that it has a protective function analogous to the
mouse Nmnat2 gene (Zhai et al., 2006; Ali et al., 2011). Using
a unique mouse mutant, these studies produced in vivo data
indicating that during embryogenesis, Nmnat2 plays an es-
sential role in axonal growth and/or survival. In its absence,
major organs and muscles are not functionally innervated
resulting in peri-natal lethality, which is likely due to failure
of respiratory function at birth.

Genes required for axonal development and neuronal sur-
vival may provide targets for the treatment of neurodegener-
ative disorders also like Alzheimer’s and Parkinson’s diseases,
and for the re-innervation of tissues after injury. They may
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also be used to promote innervations of tissues and organs
created using tissue engineering techniques.
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